Using the VISHNU hybrid model that couples (2+1)-dimensional viscous hydrodynamics to a microscopic hadronic transport model, we calculate the multiplicity, pT spectra and elliptic flow for pions, kaons, and protons in 2.76 A TeV Pb+Pb collisions, using MC-KLN initializations with smoothed initial conditions, obtained by averaging over a large number of events. The results from our calculations are compared to data from the ALICE collaboration, showing nice agreement over several centrality bins. Using the same inputs, we predict the pT spectra and elliptic flow for φ mesons and explore its flow development in the strong and weak coupling limits through hydrodynamic calculations with different decoupling temperatures. In addition we study the influence of baryon and anti-baryon annihilation processes on common observables and demonstrate that by including annihilation processes below a switching temperature of 165 MeV, VISHNU provides a good description of the multiplicity and pT -spectra for pions, kaons and protons measured by PHENIX and ALICE at both RHIC and the LHC.
I. INTRODUCTION
In relativistic heavy ion collisions at top Relativistic Heavy Ion Collider (RHIC) and Large Hadron Collider (LHC) energies, more than 99% of the hadrons are produced with transverse momenta below 2 GeV, and the quark-gluon plasma (QGP) matter produced in these collisions behaves as an almost perfect liquid [1] [2] [3] [4] . Local pressure gradients convert the initial fireball deformations and inhomogeneities into fluid momentum anisotropies, which then translate into flow harmonics that describe the asymmetry of particle productions in momentum space [4] [5] [6] . The shear viscosity of the fluid controls the conversion efficiency, which leads to a suppression of elliptic flow and higher order flow coefficients as discovered by different groups [7] [8] [9] [10] [11] [12] [13] [14] [15] .
The integrated elliptic flow of all charged hadrons v ch 2 has been used to extract the specific shear viscosity of the QGP (η/s) QGP since it is directly related to the momentum anisotropy of the fluid and monotonically decreases with (η/s) QGP [16, 17] . On the other hand, the differential elliptic flow v 2 (p T ) for identified hadrons heavily depends on the chemical composition and radial flow of the system during hadronic stage of the reaction evolution. As a result, v 2 (p T ) for identified hadrons is more sensitive to the details of the theoretical calculation, yet it can also be used to test the extracted QGP viscosity obtained from the integrated v 2 for all charged hadrons.
Using the VISHNU hybrid model [18] that connects the hydrodynamic expansion of the viscous QGP fluid to the microscopic kinetic evolution of the hadronic matter, we previously extracted the QGP viscosity from the inte- * Correspond to Huichaosong@pku.edu.cn grated elliptic flow for all charged hadrons in 200 A GeV Au+Au collisions and provided bounds on (η/s) QGP , 1 < 4π(η/s) QGP < 2.5, where the uncertainties were dominated by the initial condition models [16] . Within that extracted QGP viscosity range, VISHNU was able to provide an excellent description of all soft-hadron data at top RHIC energy [17] . After extrapolating the calculations to 2.76 A TeV Pb + Pb collisions, we demonstrated the same for the elliptic flow data for all charged hadrons measured by the ALICE collaboration with approximately the same or slightly higher value of the specific QGP viscosity [19] . However, so far the data for identified hadrons at the LHC have not been fully explored within the VISHNU hybrid approach, except for a report on preliminary results for v 2 (p T ) for pions, kaons and protons in [20] .
This article investigates in detail spectra and elliptic flow of identified soft hadrons in 2.76 A TeV Pb+Pb collisions. It is organized as follows: Sec. II briefly introduces the VISHNU hybrid model and the set-up for our calculations. Sec. III studies the centrality dependence of the multiplicity, p T spectra and differential elliptic flow for pions, kaons, and protons and compares these to data taken by the ALICE collaboration. Using the same parameters, we then predict the p T spectra and elliptic flow for φ mesons in Sec. IV and subsequently explore its flow development in the strong and weak coupling limits through hydrodynamic calculations with different decoupling temperatures. In Sec. V we investigate the influence of B−B annihilation processes on soft particle production and show that with proper inclusion of B−B annihilation processes and a switching temperature of T sw = 165 MeV, VISHNU can nicely reproduce the multiplicity and spectra for pions, kaons and protons at both, RHIC and LHC energies. A short summary is pre-sented in Sec. VI.
II. SETUP OF THE CALCULATION
In this article, we utilize the VISHNU hybrid model [18] to investigate identified soft hadron productions in 2.76 TeV Pb+Pb collisions. VISHNU connects the 2+1-d relativistic viscous hydrodynamic model (VISH2+1) [8] for the QGP fluid expansion to the microscopic hadronic transport model (UrQMD) [21] for the description of hadron re-scattering and the evolution of the hadron gas. Using a modified Cooper-Frye formula that accounts for viscous corrections, a Monte-Carlo event generator (H2O) converts the hydrodynamic output into an ensemble of hadrons for propagation in the microscopic transport model. 1 The default switching temperature T sw between the macroscopic and microscopic approaches in VISHNU is set to 165 MeV, which is close to the QCD phase transition temperature [22, 24] . For the hydrodynamic evolution above T sw , the default equation of state (EOS) utilized is s95p-PCE which has been constructed by matching lattice QCD data at high temperature to a chemically frozen hadron resonance gas (with chemical decoupling temperature T chem = 165 MeV) at low temperature [25] . Following Ref. [19] , initial entropy density profiles are generated using the MC-KLN model [26, 27] , by averaging over a large number of fluctuating entropy density distributions (individually recentered and aligned with the reaction plane). The choice of initial conditions directly affects the hydrodynamic flow and thus the extracted value of the QGP specific shear viscosity. However, it does not directly influence the relative difference among the distributions of the momentum anisotropy of the different hadron species related to the mass ordering of v 2 . Since this article does not aim to extract QGP viscosity at the LHC with reliable uncertainty estimates, but extends the previous investigations for all charged hadrons to identified hadrons, we simply follow [19] and use the MC-KLN initialization.
For simplicity, we neglect net baryon density, heat flow, and bulk viscosity [28] . The QGP specific shear viscosity (η/s) QGP is assumed to be a constant and the corresponding relaxation time is set to τ π = 3η/(sT ) [8] . Ref. [19] found that, in order to fit the ALICE integrated and differential elliptic flow v 2 {4} data for all charged hadrons, (η/s) QGP ranges from 0.20 to 0.24. In this article, (η/s) QGP is reduced to 0.16 for a better description 1 The particles emitted from the 2+1-d fluid are boost-invariant distributions. The H2O event generator uses this boost invariance to extend the 2+1-d hydrodynamic output at y = ηs = 0 to non-zero momentum and space rapidities, and then samples the particle momentum distributions within the rapidity range |y| < 4. In spite of edge effects near the forward and backward ends of this rapidity window, the 3+1-d UrQMD evolution retains longitudinal boost invariance around mid-rapidity in the range |y| < 1.5 [18] . of new v 2 data for pions, kaons and protons measured by the scalar product method [29] . Non-flow and fluctuation effects contaminate the different flow measurements differently [30, 31] , leading to the slightly different (η/s) QGP values used in this article vs. earlier work. This will be further explained in the next section. For (η/s) QGP = 0.16, the initial time is set to τ 0 = 0.9 fm/c, obtained from fitting the slope of the p T spectra for all charged hadrons below 2 GeV [19] .
III. MULTIPLICITY, SPECTRA AND ELLIPTIC FLOW FOR IDENTIFIED HADRONS
In this section we compare our VISHNU calculations to the identified hadron multiplicities, spectra and elliptic flow measurements for pions, kaons and protons that have recently become available for 2.76 A TeV Pb+Pb collisions [32] . In our calculations, we use (η/s) QGP = 0.16 to describe the elliptic flow data. For a given (η/s) QGP , the initial time τ 0 and the normalization factor for the entropy density are fitted using the charged hadron multiplicity density and p T spectra for all charged hadrons in the most central collisions. It is found that the curves showing the multiplicity density per participant pair (dN ch /dy)/(N part /2) vs. participant number N part for all charged and identified hadrons are insensitive to the QGP specific shear viscosity with properly tuned τ 0 and normalization parameters [16, 17, 33] . This shows that the centrality dependence of viscous entropy production during the hydrodynamic evolution is weak. Figure 1 shows the centrality dependence of the multiplicity density for identified pions, kaons and protons in 2.76 A TeV Pb+Pb collisions. The VISHNU hybrid model provides a good description of (dN capable of describing the proton data in central and semicentral collisions but slightly overpredicts the data in peripheral collisions. Baryon-antibaryon (B−B) annihilation processes in the hadronic phase reduce the proton multiplicity by O(30%); without accounting for B−B annihilation, the measured proton multiplicities can not be reproduced. This will be studied in more detail in Sec. V. For the LHC data shown in Fig. 1 , VISHNU overpredicts the kaon multiplicities at all centralities, by about 10% in central and about 25% in peripheral collisions. A similar overprediction is also found at RHIC energies (Sec. V). B−B annihilation in UrQMD influences kaon production by only O(5%), and hence the discrepancies with the measured kaon yields persist independent of whether or not B−B annihilation is included. This issue deserves additional investigation. Figure 2 shows the p T spectra for identified hadrons in 2.76 A TeV Pb+Pb collisions. The theoretical lines are calculated with VISHNU using the same input parameters as in Fig. 1 . The lower panels plot the ratio of experimental and theoretical p T -spectra for the three selected centralities at 0-5%, 30-40% and 70-80%. Except for the most peripheral collisions, where we would not expect the model to perform well, VISHNU provides a good description of the ALICE data for all three particle species over most of the centrality range. The calculated p T spectra for kaons and protons are slightly above the experimental ones, with deviations gradually increasing from central to peripheral collisions, as expected from Fig. 1 . In spite of this normalization issue, VISHNU is generally capable of correctly describing the slopes of the p T spectra for these identified hadron species, which reflect the radial flow accumulated in both the QGP and the hadronic phase, over most of the centrality range.
In Figure 3 we compare the calculated differential elliptic flow for pions, kaons and proton with experimental data from the ALICE collaboration. The data show v 2 {SP}(p T ) which was extracted using the scalar prod- uct method [29] . With (η/s) QGP = 0.16, 2 VISHNU nicely describes the identified hadron elliptic flow data up to 2 GeV for all shown centralities. The value of (η/s) QGP used here is slightly below the value 0.20−0.24 used in our earlier work [19] , which was obtained from fitting the integrated and differential elliptic flow v 2 {4} for all charged hadrons. The scalar product method flow measurements v 2 {SP} use two particle correlations, which are known to over-estimate the mean flow signal due to non-flow contributions and fluctuations. In contrast, the four particle cumulant method v 2 {4} minimizes non-flow contributions and receives a negative contribution from flow fluctuations, leading to somewhat lower flow values. Due to its larger flow signal compared to v 2 {4}, v 2 {SP} therefore leads to a slightly lower value of the extracted QGP shear viscosity (η/s) QGP .
The authors of [35] previously predicted the elliptic flow for pions, kaons and protons at the LHC using a pure (2+1)-d viscous hydrodynamic calculation that employed the fluid dynamic code VISH2+1 to describe the evolution of both the QGP and hadronic phases. With their choice of parameters, an MC-KLN initialization, a constant value of η/s = 0.20, and a decoupling temperature T dec = 120 MeV, they nicely predicted the later shown ALICE data [34] for v 2 (p T ) below p T < 1.5 GeV for pions and kaons for mid-central to mid-peripheral centralities bins. However, since the calculation assumed chemical freeze-out at T chem = 165 MeV and ignored B−B annihilation below T chem , they over-predicted the proton yields. The shapes of the proton p T spectra were predicted reasonably well over most of the measured centrality range, except for the most central collisions where the predicted of flow fluctuations from experimental flow measurements, and including them on the theoretical side requires an event-by-event evolution approach which is prohibitively expensive with the VISHNU hybrid code. We therefore emphasize that the analysis presented here does not aim at a precision extraction of (η/s) QGP -this would indeed require an event-by-event approach. The goal here is rather to show that we can get a consistent overall description of all soft-hadron observables with a common set of parameters, and use this to make predictions for so far unpublished measurements of additional hadron species. spectra lacked radial flow and were somewhat too steep. This latter problem also affected the differential flow of protons, v p 2 (p T ), which VISH2+1 overpredicted in central to semi-central collisions below 2 GeV. The microscopic hadronic rescattering processes in UrQMD, contained in the VISHNU hybrid model employed here, rebalance the generation of radial and elliptic flow for protons, leading to an improved description of the proton p T spectra and v 2 (p T ) in central and semi-central collisions; the inclusion in VISHNU of B−B annihilation below T chem corrects the problem with the proton yields from the pure VISH2+1 approach. The elliptic flow for pions and kaons are equally well described in both VISH2+1 and VISHNU. Compared to (η/s) QGP = 0.16 used in the VISHNU calculation, VISH2+1 used a somewhat larger η/s value of 0.2 for the combined QGP and hadronic evolution. Apparently this successfully compensates for the larger dissipative effects in the hadronic phase that are insufficiently described in a purely hydrodynamic approach. A detailed UrQMD analysis shows that protons decouple from the system later than pions and kaons [36] . This explains why a uniform freeze-out temperature of 120 MeV (used for pions and kaons) fails to describe the proton data in the pure hydrodynamic approach (at least in central to mid-central collisions). 
IV. pT SPECTRA AND ELLIPTIC FLOW OF φ MESONS
Building upon our successful description of the p T spectra and elliptic flow of pions, kaons and protons, we now focus on the elliptic flow of the φ meson at LHC energies using the VISHNU hybrid approach. Fig. 4 shows a prediction for the φ meson p T spectra corresponding to the pion, kaon, and proton p T spectra shown in Fig. 2 . Even though in UrQMD φ mesons are affected significantly less by hadronic rescattering than protons (see discussion below), their p T spectra exhibit a clear "flow shoulder", similar to that seen for protons in Fig. 2 . This shows that a large fraction of the finally observed radial flow is already created in the QGP phase.
In Fig. 5 we compare the differential elliptic flow φ mesons in 2.76 A TeV Pb+Pb collisions to that of pions and protons (shown already in Fig. 3 ). In the VISHNU calculation v φ 2 (p T ) runs above the proton v p 2 (p T ) curve for p T < 1.5−2 GeV, but drops below at higher p T . This result agrees qualitatively with predictions by Hirano et al. on the mass-ordering between proton and φ elliptic flow in 200 A GeV Au+Au collisions, using a hybrid model that couples (3+1)-dimensional ideal hydrodynamics with the JAM hadron cascade [37] . In spite of the different collision energies and centralities and other differences in the two hybrid model simulations (viscosity, longitudinal dynamics, EOS and initializations), both calculations agree in the prediction that the φ meson elliptic flow violates the traditional hydrodynamic massordering, due to a smaller rescattering cross-section in the hadron gas evolution than for protons which results in an earlier decoupling of the φ from the buildup of additional radial flow in the hadronic phase [37] .
Preliminary data reported by the STAR Collaboration [39] for φ meson elliptic flow v φ 2 (p T ) in 200 A GeV Au+Au collisions at RHIC confirmed the predicted mass-ordering violation in the region p T < 1 GeV while recovering standard mass-ordering at higher p T . However, the crossing between the curves for v φ 2 (p T ) and v p 2 (p T ) observed in [39] happens at a lower p T value, and the splitting between proton and φ elliptic flow at higher p T is found to be significantly larger than predicted by Hirano et al. for RHIC energies in [37] , and confirmed here in To explore in greater depth the dynamical evolution of the φ meson spectra and elliptic flow in the hadronic stage we compare in Fig. 6 finitely weakly coupled hadron gas stage. The choice T dec = 100 MeV, on the other hand, assumes the validity of hydrodynamics all the way to a very low kinetic freeze-out density and thus implements the opposite extreme of a very strongly coupled hadron gas phase.
4 Figure 6 shows that the VISHNU calculation including the microscopic hadron gas evolution with finite cross-sections for all hadron species, which should provide the most re-alistic description of the hadron gas dynamics, yields φ meson p T spectra with slopes close to the hydrodynamic curves for T dec = 165 MeV. The O(20%) larger φ yield in the VISHNU calculation compared to VISH2+1 arises from additional φ production via K + K − scattering in UrQMD while φ meson decays are turned off (otherwise no φ mesons would be left at the end of the UrQMD stage). The φ yield shown in Fig. 6 should be experimentally accessible via the dilepton decay channel of the φ, whereas a measurement through its hadronic decay channel will yield a lower yield since φ → K + K − decays where one of the kaons rescatters in the hadronic phase will lead to a loss of reconstructed φ mesons.
The elliptic flow of phi mesons lies between the strongly and weakly coupled hadron gas limits, but closer to the latter. This confirms that, due to its small hadronic cross sections as implemented in UrQMD, the φ meson is rather weakly coupled to the hadronic medium and tends to de-couple from the system almost directly after hadronization, without significant further interactions. Note that neither the hybrid code VISHNU nor pure hydrodynamics with T dec = 100 MeV are able to produce a φ meson elliptic flow that lies significantly below the proton elliptic flow for transverse momenta between 1 and 2 GeV. It will be interesting to see whether upcoming experimental analyses support this prediction.
V. B-B ANNIHILATION AND SOFT HADRON PRODUCTION IN VISHNU
In the early version of VISHNU used in [16, 17, 19] , the baryon-antibaryon annihilation processes in the hadronic Boltzmann transport UrQMD were accidentally turned off. It was found that these B-B annihilation channels could significantly reduce the proton and anti-proton multiplicities by O(30%). In the errata of Refs. [16, 17, 19] , we re-calculated the corresponding spectra and v 2 figures including B−B annihilation processes, but did not directly compare our results with and without B−B annihilation processes. We here focus on the study of soft physics for identified hadrons, where the multiplicities and spectra for pions, kaons and protons may all be affected to a varying degree by B−B annihilations during the hadronic evolution. Figure 7 shows the multiplicity density per participant pair (dN ch /dy)/(N part /2) for pions, kaons and protons at RHIC and LHC. The lines denote VISHNU calculations with or without activation of B−B annihilation channels. B−B annihilation processes mainly affect the multiplicities of protons and anti-protons; they reduce dN p /dy and dNp/dy by O(30%).
5 When including annihilation processes, VISHNU provides a good description of the proton multiplicities over the entire centrality range, as measured by PHENIX [42] at RHIC and by ALICE [32] at the LHC. 6 In addition to the normalization, inclusion of B−B annihilation also improves the shape of the proton p T spectra at the LHC when compared with the AL-ICE data (shown in Fig. 8a ). (Note that the ALICE data have been corrected for feed-down from weak decays [32] .) At RHIC energies (Fig. 8b) , B−B annihilation improves the normalization of the spectra in comparison with the PHENIX data, but renders the slope 5 At zero net baryon density, due to the isospin symmetry in UrQMD, the final multiplicity, spectra and flow for protons and anti-protons are identical if the number of events is chosen sufficiently large. 6 Note that the STAR data [41] in Figs. 7 and 8 include protons from hyperon decays with a detection efficiency that we cannot easily simulate in VISHNU. These extra protons from weak decays account for the O(50%) difference between the STAR data and those from the PHENIX experiment [42] from which protons from weak decays have been removed. Our VISHNU results do not include any weak decay protons.
of the proton spectra somewhat flatter than seen in the experiment. B−B annihilation processes mostly impact low p T baryon and antibaryon multiplicities, leading to a suppression and a softening of the proton p T spectra below 2 GeV. However, they also produce additional mesons, which causes a ∼ 4% increase in the pion multiplicity and a ∼ 2% increase in the kaon multiplicity. To compensate for this added particle multiplicity, we had to reduce the normalization factor of the entropy density in our initial condition by ∼ 4%, in order to retain the previous good overall description of the charged hadron multiplicities. The solid lines in Figs. 7 and 8 correspond to the VISHNU results with modified initial conditions, showing a significant reduction in the number of protons and a slight increase in the number of pions and kaons. The effects of B−B annihilation are more prominent in the most central collisions and at higher collision energies, due to the longer evolution time in the hadronic stage. Correspondingly, the suppression of the proton multiplicity is smaller at RHIC than at the LHC, and slightly decreases from central to peripheral collisions as shown in Fig. 7 . The resulting decrease in the initial entropy density, if not corrected as we have done here, leads to a slightly reduced value for the integrated v 2 , as noted in the errata Refs. [17, 19] . Within current statistics, the differential v 2 for identified hadrons are not noticeably affected by the B−B annihilation channels.
The multiplicities for various hadron species at RHIC and the LHC have also been studied within the framework of the Statistical Model. Using a chemical freezeout temperature T ch = 164 MeV extracted from hadron yields measured by STAR in 200 A GeV Au+Au collisions [47] , the Statistical Model over-predicts the proton and anti-proton yields observed in 2.76 A TeV Pb + Pb collisions [44] . In that framework, in order to obtain a better description of the proton and anti-proton data, the chemical freeze-out temperature at the LHC needs to be reduced to ∼155 MeV. However, recent hybrid hydro+micro model calculations have demonstrated that the out-of equilibrium evolution of the system during the hadronic phase plays an important role for a proper description of the proton and anti-proton data [45, 46] . Our calculations confirm these findings. In this section, we have shown that VISHNU calculations that include B−B annihilation can simultaneously describe the soft pion, kaon and proton production measured by the PHENIX and ALICE collaborations at top RHIC and the LHC energies, using a switching temperature of 165 MeV at which UrQMD is initialized with chemical equilibrium abundances. The demonstrated suppression of final B andB yields by inelastic collisions, including annihilation processes, during the UrQMD rescattering stage demonstrates that proton and antiproton yields effectively freeze out below T sw , and that the final chemical composition therfore cannot be accurately described by a single chemical freeze-out temperature. In a future study using larger event statistics we plan to explore the rela- [32] , STAR [41, 43] , and PHENIX [42] , respectively. Same illustration for theoretical and experimental lines as in Fig. 7 . All proton spectra were divided by 5 for improved clarity of the plots.
tive importance of similar B−B annihilation processes on the strange and multi-strange hyperon yields.
VI. SUMMARY AND OUTLOOK
In this article, we have studied soft particle production in 2.76 A TeV Pb+Pb collisions using the VISHNU hybrid model that describes the expansion of the viscous QGP fluid with a hydrodynamic model and the successive evolution of the hadronic gas with a microscopic hadron transport model. Using MC-KLN initial conditions, a value of (η/s) QGP = 0.16 and a switching temperature T sw = 165 MeV, VISHNU provides a good description of identified hadron multiplicities, p T spectra and differential elliptic flow for pions, kaons and protons at various centralities. We used the same calculations to predict the p T -spectra and elliptic flow of φ mesons. We explored the mass-ordering between the φ meson and proton differential elliptic flows by comparing the VISHNU calculation to the weak and strong coupling limits of the hadron resonance gas phase, simulated with pure hydrodynamics using decoupling temperatures of 165 and 100 MeV, respectively. We investigated the effects of baryonantibaryon annihilation processes on soft particle production, and showed that, when annihilation processes are included, VISHNU can simultaneously reproduce the multiplicities and p T spectra for pions, kaons and protons at RHIC and LHC. We discussed the nature of the switching temperature T sw in hybrid model calculations and that it cannot be identified as the chemical freeze-out temperature of the system, since inelastic and annihilation processes are still driving the dynamics of the system in its early hadronic evolution. In future work, it may be worthwhile to attempt an extraction of effective chemical freeze-out temperatures for the different hadron species during their evolution in the hadronic phase.
